␤-Catenin plays important roles in cell adhesion and gene transcription, and has been shown recently to be essential for the establishment of a bipolar mitotic spindle. Here we show that ␤-catenin is a component of interphase centrosomes and that stabilization of ␤-catenin, mimicking mutations found in cancers, induces centrosome splitting. Centrosomes are held together by a dynamic linker regulated by Nek2 kinase and its substrates C-Nap1 (centrosomal Nek2-associated protein 1) and Rootletin. We show that ␤-catenin binds to and is phosphorylated by Nek2, and is in a complex with Rootletin. In interphase, ␤-catenin colocalizes with Rootletin between C-Nap1 puncta at the proximal end of centrioles, and this localization is dependent on C-Nap1 and Rootletin. In mitosis, when Nek2 activity increases, ␤-catenin localizes to centrosomes at spindle poles independent of Rootletin. Increased Nek2 activity disrupts the interaction of Rootletin with centrosomes and results in binding of ␤-catenin to Rootletin-independent sites on centrosomes, an event that is required for centrosome separation. These results identify ␤-catenin as a component of the intercentrosomal linker and define a new function for ␤-catenin as a key regulator of mitotic centrosome separation.
␤-Catenin is a multifunctional protein that plays key roles in the organization and maintenance of cells in tissues. ␤-Catenin is an effector of the Wnt pathway that regulates cell proliferation and gene expression in development, and is a component of the cell adhesion complex that regulates cell sorting and tissue organization (Dierick and Bejsovec 1999; Eastman and Grosschedl 1999; Nelson and Nusse 2004) . ␤-Catenin levels are tightly controlled by a destruction complex of adenomatous polyposis coli (APC), axin, casein kinase I (CKI), and GSK3␤, which bind, phosphorylate, and target ␤-catenin to the proteasome (Peifer and Polakis 2000; Moon et al. 2002; Nelson and Nusse 2004) . Mutations that stabilize ␤-catenin are common in cancer, and are thought to be the earliest event in colon cancer (Bienz and Clevers 2000; Peifer and Polakis 2000; Behrens 2005) . Recently, it has been shown that ␤-catenin localizes to centrosomes in mitosis and has a role in establishing a bipolar spindle (Kaplan et al. 2004) ; however, the regulation and function for ␤-catenin at centrosomes in normal cells and how this function is perturbed in cancers are not understood.
Centrosomes undergo a highly regulated duplication cycle in interphase cells so that at the onset of mitosis a cell has two centrosomes that can separate to establish a bipolar spindle (Hinchcliffe and Sluder 2001; Tsou and Stearns 2006) . In general, mechanisms of centrosome cohesion and separation are not well understood. It is thought that in interphase the two centrosomes, each with a pair of centrioles, are held together by a dynamic physical linker composed of C-Nap1 (centrosomal Nek2-associated protein 1) and Rootletin (Bahe et al. 2005; Yang et al. 2006) . In mitosis, activation of the NIMArelated centrosomal kinase Nek2A results in the phosphorylation of C-Nap1 and Rootletin, which is thought to cause their dissociation from centrosomes and enable centrosome separation (Fry et al. 1998a; Mayor et al. 2002; Bahe et al. 2005 ; Hayward and Fry 2006; Yang et al. 2006) . "Centrosome separation" describes the cell cycleregulated separation of centrosomes at the onset of mitosis, while "centrosome splitting" describes the increased distance between parental centrioles in interphase cells due to decreased cohesion (Meraldi and Nigg 2001) . Loss of C-Nap1 and Rootletin is sufficient to induce centrosome splitting in interphase cells (Bahe et al. 2005) ; however, C-Nap1 dissociates from unseparated centrosomes in monopolar spindles caused by expression of kinase-dead (KD) Nek2 in mitotic cells (Faragher and Fry 2003) . Thus, Nek2 activity is not essential for loss of C-Nap1 from mitotic centrosomes, but is required for centrosome separation, likely through the phosphorylation of additional unknown substrates.
Depletion of ␤-catenin induces monopolar spindles with unseparated centrosomes (Kaplan et al. 2004 ), a phenotype strikingly similar to that caused by kinasedead Nek2 (Faragher and Fry 2003) . Here we show that stabilization of ␤-catenin, mimicking mutations found in cancer, induces centrosome splitting, similar to ectopic Nek2 activity (Fry et al. 1998b) . Using an unbiased approach, we show that ␤-catenin is a substrate and binding partner for Nek2 kinase in vitro and in vivo, and colocalizes with the other Nek2 substrates, Rootletin and C-Nap1, in between centrosomes. C-Nap1 and Rootletin are required for localization of ␤-catenin in between centrosomes in interphase, whereas ␤-catenin has Rootletin-independent binding sites on centrosomes at mitotic spindle poles. In response to ectopic expression of active Nek2 in interphase cells, Rootletin is strongly reduced at interphase centrosomes and ␤-catenin localizes to Rootletin-independent sites on centrosomes, an event that is required for centrosome separation in mitosis. These results provide the first evidence detailing the function of ␤-catenin in centrosome separation and give mechanistic insight into how Nek2 regulates ␤-catenin during centrosome separation.
Results

␤-Catenin localizes to interphase and mitotic centrosomes via its armadillo repeat domain
␤-Catenin localized to sites of cell-cell adhesion and to cytoplasmic puncta, some of which colocalized with ␥-tubulin-labeled centrosomes in U-2 OS cells (Fig. 1A , arrows). We tested whether localization of ␤-catenin to centrosomes was statistically significant using Pearson's correlation coefficient (Manders et al. 1993 ) for ␤-catenin and ␥-tubulin, and for ␥-tubulin and another known centrosome component, pericentrin (Doxsey et al. 1994 ). Pearson's coefficient for ␥-tubulin and ␤-catenin was 0.77 ± 0.04, and 0.62 ± 0.05 for ␥-tubulin and pericentrin (Fig. 1B) , indicating that the localization of ␤-catenin to centrosomes was as specific as that of pericentrin. Randomizing the ␥-tubulin channel 100 times in a 200 × 200-pixel square near the centrosome in the ␤-catenin or pericentrin channel resulted in identical, low Pearson's coefficients for both proteins (−0.015 ± 0.011) (Fig. 1B) , indicating that ␤-catenin localization to centrosomes is not a random effect of high cytoplasmic ␤-catenin.
To follow the localization of ␤-catenin during centrosome duplication, we immunostained U-2 OS cells for the centriolar marker centrin. G1 cells have two centrioles with two centrin spots, while S/G2 cells with fully duplicated centrioles have four centrin spots ( Fig. 1C,D ; Supplemental Movie S1). ␤-Catenin was observed at centrosomes in 100% of U-2 OS cells, localizing in between centrin-marked centrioles in 78% of cells (n = 9) ( Fig.  1C,D ; Supplemental Movie S1). ␤-Catenin also localized to mitotic centrosomes at spindle poles ( Fig. 1E ; Kaplan et al. 2004) . Identical results were obtained with two different ␤-catenin antibodies in U-2 OS cells, and in MDCK and HeLa cells (Supplemental Fig. S1A-C) .
␤-Catenin cosedimented with enriched centrosome fractions from asynchronous HeLa cells (Kaplan et al. 2004) . We found that ␤-catenin colocalized with centrin in these preparations from nocodazole-treated asynchronous U-2 OS (Fig. 1F , arrows) and MDCK (Supplemental Fig. S1D ) cells that were active in microtubule assembly (Louie et al. 2004) .
We identified the domain that mediates ␤-catenin localization to centrosomes. A mutant deleted of the N and C termini but containing the complete armadillo repeat domain (GFP-ARM) localized to centrosomes (Fig.  1G ), but one containing a deletion of the armadillo repeat domain (GFP-⌬ARM) (Elul et al. 2003) did not (Fig. 1H) .
Finally, we used immuno-electron microscopy to localize ␤-catenin at centrioles (Fig. 1I ). Gold labeling of ␤-catenin was observed in the centriole region, while labeling over distant areas of the cytoplasm remained minimal at various antibody dilutions (Fig. 1I , panels aЈ-cЈ). Using pinwheel, distal appendages, and the primary cilium as markers, we found that ␤-catenin localized to the proximal (Fig. 1I , arrows in panels aЈ,bЈ) and distal regions of the centriole (Fig. 1I , arrowhead in panel bЈ) and between centrioles (Fig. 1I , arrow in panel cЈ). Similar results were found with two different antibodies, and were consistent with our immunofluorescence data (see Fig. 1C,D) .
Taken together, these results demonstrate that ␤-catenin colocalizes with ␥-tubulin-and centrin-labeled centrosomes throughout interphase and mitosis and cosediments with centrosome-enriched fractions, and that centrosome binding is mediated by the armadillo domain. The centrosome location of ␤-catenin is specific, statistically significant, and not random; was found in four different cell lines with two different antibodies at the level of light and electron microscopy; and is independent of microtubules (Supplemental Fig. S2A ). We conclude that ␤-catenin is an integral component of centrosomes throughout the cell cycle.
␤-Catenin is a dynamic component of interphase centrosomes
Centrosomal proteins are characteristically dynamic (Khodjakov and Rieder 1999; Hames et al. 2005) . To examine the mobility of ␤-catenin at centrosomes, we measured fluorescence recovery after photobleaching (FRAP) of GFP-tagged wild-type ␤-catenin (GFP-␤-cat), using RFP-pericentrin to mark the centrosome. GFP-␤-cat fluorescence recovered to 94.5 ± 3.8% with a t 1/2 of 5.03 ± 0.80 sec ( Fig. 2A,B , summarized in D), similar to known centrosomal proteins such as Nek2 (Hames et al. 2005) . Mutations of GSK3␤ phosphorylation sites in ␤-catenin, which are found in cancer, increase ␤-catenin stability and protein level in cells (Polakis 1999; Peifer and Polakis 2000) . Therefore, we measured the FRAP of a stabilized form of ␤-catenin (referred to as ␤-cat*) that also localizes to centrosomes (Supplemental Fig. S2B ). The mobile fraction of GFP-␤-cat* had a t 1/2 of 3.98 ± 0.78 sec, similar to that of GFP-␤-cat. However, GFP-␤-cat* recovered to only 69.6 ± 5.6% (Fig. 2C , summarized in D). The increased immobile fraction of GFP-␤-cat* may be due to stable interactions of ␤-cat* with centrosomal binding partners. These data indicate that ␤-catenin exchanges between centrosomal and noncentrosomal pools with kinetics similar to those of other centrosome components, while stabilized ␤-cat* has decreased turnover at centrosomes. (green) and ␤-catenin (red). G1/S-phase cell with two centrioles (C) or S/G2-phase cell with four centrioles (D). Bar, 2 µm. See also Supplemental Movie S1. (E) Immunostaining of mitotic U-2 OS cell with ␥-tubulin (green), ␤-catenin (red), and DAPI (blue). Bar, 10 µm. (F) Centrosome-enriched fractions from nocodazole-treated U-2 OS cells costained with centrin (green) and ␤-catenin (red). Arrows mark colocalization of ␤-catenin with centrin-marked centrosomes. Note centrioles without ␤-catenin are also present, which indicates either that ␤-catenin was lost from centrioles during the purification procedure or that ␤-catenin localizes to a subset of centrioles. Bar, 10 µm (G,H) U-2 OS cells immunostained for ␥-tubulin (red in merged image) and transiently expressing GFP-tagged Armadillo domain of ␤-catenin (G) or GFPtagged ⌬ARM (H). Arrows indicate ␥-tubulin-labeled centrosomes. Bar, 5 µm. (I) Immunogold labeling of ␤-catenin localization relative to centrioles in RPE-1 cells. Serial sectioning was performed in the centrosome region of 20 cells. ␤-Catenin label was found at the proximal (16%) and distal (60%) ends of centrioles, and between centrioles (4%), while labeling in surrounding areas was minimal. Twenty percent of the label on centrioles could not be assigned to either end. 
␤-Catenin is a direct binding partner and substrate of centrosomal Nek2 kinase
To understand the function of ␤-catenin at centrosomes, we took an unbiased approach to identify centrosomal binding partners of ␤-catenin. We purified centrosomes (Mitchison and Kirschner 1986 ) from a stable HeLa cell line expressing myc-tagged ␤-catenin (Kaplan et al. 2004) , immunoprecipitated centrosome-associated ␤-catenin-myc, and identified coimmunoprecipitating proteins by SDS-PAGE and MALDI TOF/TOF mass spectrometry (Supplemental Fig. S3 ). This analysis identified the kinase Nek2 as a putative centrosomal binding partner of ␤-catenin. Nek2 is a centrosomal kinase involved in centrosome cohesion (Fry et al. 1998b; Hayward and Fry 2006 Kaplan et al. 2004 ). We also found that endogenous Nek2 coimmunoprecipitated with endogenous ␤-catenin from isolated centrosomes in HeLa cells (Fig. 3A) . This interaction was further verified by coimmunoprecipitation of GFPtagged Nek2 with endogenous ␤-catenin from transiently transfected HEK 293T cells (Fig. 3B) . Together, these data show that ␤-catenin and Nek2 interact at the centrosome.
Next, we determined whether ␤-catenin is a substrate for Nek2 kinase. Purified ␤-catenin was phosphorylated by HA-tagged Nek2 or HA-Nek2NB (Nek2 mutated in the protein phosphatase 1-binding site, resulting in increased activity [Eto et al. 2002] ) that had been immunoprecipitated from transfected HEK 293T cells, but not by a kinase-dead mutant of Nek2 (HA-Nek2KD) (Fig.  3C ). Nek2 phosphorylated ␤-catenin with an efficiency similar to that of CKI, a well-characterized ␤-catenin kinase ( Fig. 3C ; Gao et al. 2002) .
To determine whether binding between ␤-catenin and Nek2 is direct, we used purified ␤-catenin and Nek2 in an in vitro binding assay. Indeed, immobilized GST-␤-catenin bound directly to His-Nek2 (Fig. 3D) . Furthermore, His-Nek2 directly phosphorylated full-length GST-␤-catenin in vitro (Fig. 3E) , as well as the ␤-catenin armadillo repeat domain (ARM) (Fig. 3E) , which is necessary and sufficient for ␤-catenin localization to centrosomes (see Fig. 1G ,H).
In some cases, phosphorylation decreases the electrophoretic mobility of proteins in SDS-PAGE. Indeed, we detected a slower migrating form of endogenous ␤-catenin from HEK 293T cells expressing wild-type, but not kinase-dead, Nek2 (Fig. 3F) . Treatment of the immunoprecipitates with -phosphatase resulted in loss of this slower migrating ␤-catenin band (Fig. 3F) , confirming that the gel shift was due to protein phosphorylation. Thus, ␤-catenin is a binding partner and substrate in vitro and in vivo for the centrosomal kinase Nek2, an important regulator of centrosome cohesion. Kaplan et al. (2004) had shown previously that depletion of ␤-catenin resulted in monopolar spindles with duplicated but unseparated centrosomes and distinct chromosome rosettes (see also Supplemental Figs. S4, S7B), phenotypes identical to those reported in cells expressing kinase-dead Nek2 (Faragher and Fry 2003) . Additionally, depletion of ␤-catenin resulted in a delay in prometaphase in live cells, consistent with a role for ␤-catenin in the establishment of a bipolar spindle (Supplemental Fig.  S4 ; Supplemental Movies S2, S3). We asked if the converse happened-that is, whether the stabilized form of ␤-catenin (␤-cat*), which has decreased turnover at centrosomes (see Fig. 2 ), results in decreased centrosome cohesion, similar to overexpressing Nek2. In asynchronous interphase cells expressing ␤-cat* under the tet R doxycycline (dox)-repressible promoter and with two centrosomal structures marked by ␥-tubulin and pericentrin, we found a significantly greater distance between centrosomal structures (␤-cat*, 5.2 ± 0.2 µm) ( It is known that centrosome distance is regulated by proteins that link mother-daughter centriole pairs in Average of experiments is shown ± standard deviation. Student's t-test was performed for recovery of ␤-cat and ␤-cat* with P = 0.011. G1/S and parental centrioles between centrosomes after centriole duplication in S/G2 (see below; Fry et al. 1998a; Mayor et al. 2000; Bahe et al. 2005; Yang et al. 2006) . As overexpression of Nek2A results in increased centriole distance in G1/S (Faragher and Fry 2003) , we tested whether ␤-cat* affected the distance between centrioles specifically in G1/S using cells synchronized in G1/S by double-thymidine block and immunostained for glutamylated tubulin to mark centrioles ( Fig. 4E-G) . The average distance between centrioles in the presence of ␤-cat* was 7.2 ± 0.34 µm compared with 3.75 ± 0.75 µm in dox-repressed cells and 3.15 ± 0.30 µm in parental cells (Fig. 4G ). Even more striking was the finding that the percentage of cells containing centrosomes or centrioles separated by Ն8 µm was much greater in the presence of ␤-cat* than wild-type ␤-catenin (Fig. 4D,H) ; 32 ± 2% of centrioles and 25 ± 3% of centrosomes in ␤-cat*-expressing cells were split by >8 µm compared with 7% in either dox-repressed or parental cells. We conclude that ␤-cat* increased the distance between centrosomes in asynchronous cells and between centrioles in G1/S phase of the cell cycle. Thus, the effects of depletion of ␤-catenin or expression of ␤-cat* on centrosome cohesion are comparable with decreasing (Faragher and Fry 2003) or increasing Nek2 (Fry et al. 1998b ) activity, respectively. These data indicate that like Nek2, ␤-catenin is a negative regulator of centrosome cohesion.
␤-Catenin stabilization and depletion affect centrosome cohesion
␤-Catenin colocalizes with C-Nap1 and Rootletin, and is in a complex with Rootletin
␤-Catenin localized in between centrosomes in interphase cells (see Fig. 1 ), suggesting that ␤-catenin may colocalize and interact with the other known centrosomal linker proteins and substrates of Nek2, C-Nap1 and the corresponding Coomassie brilliant blue-stained gel is shown in the bottom panel (CBB). Data are from one experiment that is representative of four independent experiments. (F) HEK 293T cells were transfected with control vector (Con), wild-type GFP-Nek2 (WT), or kinase-dead GFP-Nek2 (KD), and the electrophoretic mobility of endogenous ␤-catenin was assessed by SDS-PAGE, followed by an immunoblot for ␤-catenin (IB:␤-cat). Nek2 expression is shown in the bottom panel (IB:Nek2). Wildtype, but not kinase-dead Nek2, results in decreased electrophoretic mobility of ␤-catenin (denoted by asterisk at top left of shifted band), which is reversed by -phosphatase treatment (+). Data are from one experiment that is representative of two independent experiments.
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and Rootletin (Fry et al. 1998a; Mayor et al. 2000; Bahe et al. 2005; Yang et al. 2006 ). C-Nap1 localizes to the proximal end of centrioles (Mayor et al. 2000) and is thought to provide binding sites for Rootletin, which forms fibers in between centrosomes (Bahe et al. 2005; Yang et al. 2006) . C-Nap1 partially colocalized with ␤-catenin at centrosomes, although ␤-catenin distribution extended in between C-Nap1 puncta in 10 of 13 cells observed, and in short flares beyond C-Nap1 puncta ( Fig. 5A ; Supplemental Movies S4a,b; see also ␤-catenin between centrioles in Fig. 1C,D ; Supplemental Movie S1). Additionally, overexpression of C-Nap1 at centrosomes resulted in increased colocalization and puncta of endogenous ␤-catenin in the centrosome region marked by ␥-tubulin (Fig. 5B ). Furthermore, we were able to observe a reproducible and above-background, albeit weak, interaction between ␤-catenin and C-Nap1 by coimmunoprecipitation (S. Bahmanyar and D.D. Kaplan, unpubl.) . Thus, CNap1 appears to be in a complex with ␤-catenin at centrosomes, but the interaction between these proteins may be indirect, and is likely mediated by Rootletin (see below).
To determine the distribution of ␤-catenin relative to C-Nap1 and Rootletin in centrosomes that were not split, we triple-immunostained cells for C-Nap1, ␤-catenin, and Rootletin. Using three-dimensional reconstructions of images, we found that both ␤-catenin and Rootletin colocalized partially with C-Nap1 in 12 of 19 cells observed (Fig. 5C ). ␤-Catenin coaligned with Rootletin that extended between C-Nap-1-positive puncta ( Fig. 5C ; Supplemental Movies S5a,b). Immunoprecipitation with an antibody to Rootletin resulted in coimmunoprecipitation of ␤-catenin (Fig. 5D) , and ␤-catenin may interact with Rootletin directly as seen by Far Western blotting (Supplemental Fig. S5 ). Thus, ␤-catenin localizes to and interacts with the protein linker in between centrosomes that also contains Nek2, C-Nap1, and Rootletin. However, similar to Nek2 but unlike C-Nap1 and Rootletin, ␤-catenin is a negative regulator of centrosome cohesion, suggesting that the ␤-catenin-Rootletin complex may play a regulatory, rather than a structural, role in centrosome cohesion and separation (see Discussion).
Rootletin and C-Nap1 regulate localization of ␤-catenin in between centrosomes in interphase cells
To determine whether the distribution of ␤-catenin in between centrosomes is affected by depletion of C-Nap1 or Rootletin from centrosomes, we used siRNA complexes against either C-Nap1 or Rootletin. C-Nap1 and Rootletin siRNA cause centrosome splitting (Bahe et al. 2005) . Thus, to directly test for protein levels at centrosomes, we compared the average fluorescence intensity of C-Nap1, Rootletin, and ␤-catenin at individual centrosomes in unsplit pairs with their fluorescence intensities at individual centrosomes within split pairs (see Materials and Methods). It had been reported previously that different levels of knockdown of C-Nap1 caused either a reduction of Rootletin from the intercentrosomal linker region or formation of long Rootletin fibers from split centrosomes (Bahe et al. 2005) , indicating that CNap1 is required for proper localization and organization of Rootletin at the intercentrosomal linker region. Using siRNA duplexes against C-Nap1 ( Bahe et al. 2005) in U-2 OS cells, we found that 85% of cells (n = 28) had split centrosomes with reduced C-Nap1 (Supplemental Fig.  S6A ), similar to published results (Bahe et al. 2005) . In the 34% of C-Nap1 knockdown cells in which Rootletin was no longer localized to the intercentrosomal linker region, ␤-catenin also did not localize in between centrosomes (Fig. 6B, top panel, cf. control siRNA-treated cells in A). In the remaining 66% of C-Nap1 knockdown cells, Rootletin formed long continuous fibers, and ␤-catenin had a broad punctate distribution in the centrosome region (Fig. 6B, bottom panel) . Similar results were found in C-Nap1 knockdown HeLa cells in which ␤-catenin puncta had striking colocalization along Rootletin fibers (Supplemental Fig. S6B,C) . Thus, in cells depleted of C-Nap1, the distribution of ␤-catenin at centrosomes reflects the changes in Rootletin localization at centrosomes, providing further evidence that these proteins are in a complex at interphase centrosomes (see also Fig. 5; Supplemental Fig. S5 ).
To test directly whether Rootletin depletion affects localization of ␤-catenin in between centrosomes, we treated cells with Rootletin siRNA (Bahe et al. 2005) . Eighty percent (n = 20) of Rootletin-depleted cells had increased distances between centrosomes, and the mean fluorescence intensity of C-Nap1 in split centrosomes was unchanged when compared with the averaged fluorescence intensity of C-Nap1 in unsplit centrosomes of control cells (Supplemental Fig. S6A ), as expected (Bahe et al. 2005) . We noticed that ␤-catenin had decreased localization at centrosomes and did not localize in between centrosomes in any of Rootletin-depleted cells with split centrosomes (Fig. 6C) . We measured the mean fluorescence intensity per square micron of Rootletin and ␤-catenin at centrosomes and found that ␤-catenin was significantly decreased at centrosomes depleted for Rootletin as compared with control siRNA-treated cells (Fig. 6C, graph) . Thus, Rootletin regulates the binding of ␤-catenin to centrosomes in interphase cells, likely through direct interactions with ␤-catenin (see Fig. 5D ; Supplemental Fig. S5 ). C-Nap1 likely provides binding sites for both Rootletin and ␤-catenin that organize these proteins at the intercentrosomal linker region in interphase. Binding of ␤-catenin to Rootletin at the intercentrosomal linker in interphase cells may reserve a pool of ␤-catenin that is readily available for centrosome separation at the onset of mitosis (see Discussion). Note that although there was an overall decrease of ␤-catenin at centrosomes in the absence of Rootletin, some ␤-catenin remained on centrosomes in Rootletin siRNA cells, which could be associated with C-Nap1 or Rootletinindependent ␤-catenin-binding sites on centrosomes (see below).
Regulation of ␤-catenin localization to centrosomes by Nek2
In contrast to C-Nap1 and Rootletin, endogenous ␤-catenin accumulates to centrosomes at mitotic spindle 
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Cold (Figs. 1E, 7A ; Kaplan et al. 2004) , indicating that ␤-catenin has binding sites on centrosomes in mitosis that are independent of C-Nap1 and Rootletin (Kaplan et al. 2004) . In all cases, ␤-catenin was significantly increased at mitotic centrosomes in control cells lacking Rootletin at mitotic centrosomes (Fig. 7A , top panel and graph), and in mitotic cells treated with Rootletin siRNA (Fig. 7A, bottom panel) . It is known that Nek2 activity increases at the onset of mitosis, which is required for centrosome separation (Fry et al. 1998a; Mayor et al. 2002; Bahe et al. 2005; Hayward and Fry 2006; Yang et al. 2006) . We showed that ␤-catenin is a substrate for Nek2 (see Fig. 3 ) but, unlike C-Nap1 and Rootletin, ␤-catenin localizes to mitotic centrosomes and is required for centrosome separation. In order to test whether increased Nek2 activity allows ␤-catenin to bind to Rootletin-independent sites on centrosomes, we overexpressed wildtype GFP-Nek2 (GFP-Nek2WT) in HeLa cells. Because GFP-Nek2WT overexpression causes centrosome splitting, the fluorescence intensities of individual centrosomes in split centrosome pairs were compared with average fluorescence intensities of individual centrosomes in unsplit pairs from GFP and GFP-Nek2-kinase-dead (GFP-Nek2KD)-expressing cells (see Materials and Methods). As expected, GFP-Nek2WT overexpression caused centrosome splitting (Fry et al. 1998b ) and a significant loss of Rootletin from split interphase centrosomes (n = 10) (Fig. 7B , bottom panel and graph; Bahe et al. 2005) , when compared with enriched Rootletin at centrosomes in control GFP (n = 15) (Fig. 7B , top panel and graph) and GFP-Nek2KD-expressing cells (n = 9) (Fig. 7B,  graph) . Importantly, in contrast to Rootletin, there was an increase in localization of ␤-catenin on split centrosomes in the presence of active Nek2 (n = 8) (Fig. 7B,   Figure 6 . C-Nap1 and Rootletin regulate binding of ␤-catenin in between centrosomes. (A-C) U-2 OS cells immunostained for C-Nap1 (gray), Rootletin (green), and ␤-catenin (red). Merged images show C-Nap1 in blue. Control and siRNA images were taken at equal exposure times for each channel. (A) Control siRNA-treated cell with localization of ␤-catenin (red) to intercentrosomal linker region (arrow). (B, top panel) C-Nap1-siRNA-treated cell in which Rootletin (green) and ␤-catenin (red) are not localized to intercentrosomal linker region between centrosomes (arrows). (Bottom panel) C-Nap1 siRNA-treated cell with residual C-Nap1 at centrosomes (arrows). Rootletin (green) forms long continuous fibers and ␤-catenin (red) has broad punctate distribution. See Supplemental Figure  S6 for additional examples of C-Nap1 siRNA-treated HeLa cells with striking colocalization of ␤-catenin puncta along Rootletin fibers, and quantitative fluorescence data showing loss of C-Nap1 from split centrosomes in C-Nap1 siRNA-treated cells. (C) Rootletin siRNA-treated cell in which ␤-catenin (red) is not localized to intercentrosomal linker region between centrosomes and is decreased at centrosomes (arrows). Bars, 5 µm. Graph shows mean fluorescence intensity per square micron for Rootletin (green) and ␤-catenin (red) in control (Con; n = 26 centrosomal puncta marked by C-Nap1) and Rootletin siRNA-treated (Root; n = 37 centrosomal puncta marked by C-Nap1) cells normalized for C-Nap1 (see Materials and Methods), which is unaffected by Root siRNA (Supplemental Fig.  S6A ; Bahe et al. 2005) . Rootletin fluorescence intensity is significantly decreased at centrosomes in cells treated with Root siRNA as compared with control ([**] P < 0.0001), and the fluorescence intensity of ␤-catenin at centrosomes is significantly reduced in Root siRNA as compared with control siRNA-treated cells ([*] P = 0.0005). Mean ± standard error is shown. graph) as compared with GFP-expressing cells (n = 12), and ␤-catenin localized on rather than in between centrosomes (Fig. 7B, bottom panel) . Rootletin-independent localization of ␤-catenin to centrosomes is dependent on Nek2 activity because in GFP-Nek2KD-expressing cells (Fig. 7B, graph) and in Rootletin siRNA-treated cells (see Fig. 6C ), changes in ␤-catenin fluorescence intensity at centrosomes correlated with that of Rootletin. Thus, consistent with localization of ␤-catenin to Rootletinindependent sites on centrosomes at spindle poles in mitosis, when Nek2 activity is increased, ␤-catenin localizes on split interphase centrosomes even if Rootletin is strongly reduced. Furthermore, consistent with the interaction of Rootletin and ␤-catenin in between centrosomes, when Rootletin is dissociated from centrosomes in the presence of Nek2, ␤-catenin localizes on rather than in between centrosomes. Taken together, these results suggest a model in which Nek2 activity inhibits the interaction of Rootletin with centrosomes, thereby releasing a pool of ␤-catenin that can bind to Rootletinindependent sites on centrosomes, an event that is required for centrosome separation in mitosis (Fig. 7C) .
Discussion
␤-Catenin is a well-studied protein with known functions in the nucleus in a complex with the transcriptional coactivator T-cell factor/lymphocyte enhancer factor-1 (TCF/Lef-1), and at the plasma membrane in a complex with the cell-cell adhesion protein E-cadherin (Nelson and Nusse 2004) . We show that ␤-catenin localizes and functions at a new subcellular location, the centrosome. Our results provide seven independent experiments in support of this claim: (1) ␤-Catenin was detected at centrosomes with two different antibodies in four different cell lines at both the resolution of light and electron microscopy, and this distribution was shown to be as statistically significant as that of several well-characterized centrosome proteins. (2) Endogenous ␤-catenin copurified with centrosomes, and was coimmunoprecipitated from centrosomes with bone fide centrosomal proteins. (3) Exogenous GFP-␤-catenin localized to centrosomes, and centrosome-binding site(s) in ␤-catenin are located in the armadillo domain. (4) ␤-Catenin was identified as a binding partner and substrate for the cen- In interphase, C-Nap1 provides sites that anchor and organize Rootletin and ␤-catenin to the intercentrosomal linker region. In mitosis, Nek2 activity results in the loss of Rootletin and C-Nap1 from centrosomes and binding of ␤-catenin to Rootletin-independent sites on centrosomes, an event that is required for centrosome separation.
␤-Catenin in centrosome separation
trosome-localized Nek2 kinase in vivo and in vitro. (5) The distribution of ␤-catenin at centrosomes overlapped that of C-Nap1 and Rootletin, two known components of the intercentrosome linker, and ␤-catenin is in a complex with Rootletin. (6) ␤-Catenin localized with Rootletin in between centrosomes in interphase, and to Rootletin-independent sites on centrosomes in mitosis that were regulated by Nek2. (7) Consistent with a role for ␤-catenin in centrosome cohesion, stabilized ␤-catenin decreased centrosome cohesion and increased intercentrosome distance in interphase cells, while loss of ␤-catenin increased centrosome cohesion in mitosis. These results, therefore, not only identify ␤-catenin as a centrosomal protein, but also define a role for ␤-catenin in regulating centrosome cohesion by connecting it to a specific subset of known centrosomal proteins that form the intercentrosome linker.
Our data show that ␤-catenin localizes in the intercentrosomal linker region of interphase centrosomes, and accumulates on mitotic centrosomes at spindle poles ( Fig. 7C ; see also Kaplan et al. 2004) . In interphase cells, we show by immunoprecipitation that ␤-catenin is in a complex with Rootletin and, by overexpression and depletion experiments, we show that this complex forms in between centrosomes. Depletion of C-Nap1 caused loss of Rootletin and ␤-catenin from the intercentrosomal linker region and partial depletion of C-Nap1 caused disorganization of Rootletin and ␤-catenin at centrosomes ( Fig. 6B; Supplemental Fig. S6 ; Bahe et al. 2005) . It has been suggested that partially reducing CNap1 decreases the number of binding sites available for Rootletin at centrosomes, causing increased binding of Rootletin to itself and possibly other interactors (Bahe et al. 2005) , such as ␤-catenin. Thus, C-Nap1 likely provides sites to organize Rootletin and ␤-catenin in between centrosomes. The parallel effects on Rootletin and ␤-catenin when C-Nap1 is reduced likely reflect that Rootletin and ␤-catenin are in a complex and may bind directly to each other. In the absence of Rootletin at interphase centrosomes, ␤-catenin is reduced at centrosomes and does not localize in between centrosomes, whereas C-Nap1 levels at centrosomes are not significantly affected. Together, these results support a model in which C-Nap1 recruits Rootletin to centrosomes, which in turn provides sites for ␤-catenin at the intercentrosomal linker region in between centrosomes in interphase (Fig. 7C) .
By depletion and stabilization studies, we demonstrate that ␤-catenin acts as a negative regulator of centrosome cohesion, similar to the function of Nek2 (Fry et al. 1998b; Faragher and Fry 2003) . This is consistent with the observation that ␤-catenin remains on centrosomes upon centrosome separation and increased Nek2 activity, and depletion of ␤-catenin results in unseparated centrosomes in mitosis. Conversely, C-Nap1 and Rootletin are positive regulators of centrosome cohesion; they dissociate from centrosomes upon centrosome separation and their depletion results in increased distance between centrosomes in interphase (Fry et al. 1998a; Bahe et al. 2005; Yang et al. 2006) . It has been suggested that C-Nap1 and Rootletin are structural components of the intercentrosome linker required for centrosome cohesion, and we suggest that ␤-catenin has a regulatory role promoting centrosome separation in mitosis (see below). It is known that the Armadillo repeat domain of ␤-catenin, which we show is necessary and sufficient for localization of ␤-catenin to centrosomes and is a substrate for Nek2, mediates the mutually exclusive binding of ␤-catenin to its diverse partners (Hulsken et al. 1994; Tao et al. 1996; von Kries et al. 2000; . We propose that, similar to how the binding of ␤-catenin to E-cadherin prevents ␤-catenin from associating with its other binding partners (Hulsken et al. 1994) , the binding of ␤-catenin to Rootletin in between centrosomes in interphase cells may prevent ␤-catenin from binding other sites on centrosomes. In this manner, Rootletin complexed with ␤-catenin in interphase cells may reserve a pool of ␤-catenin that can be readily available for binding to other sites on centrosomes in mitosis that are required for centrosome separation and regulated by Nek2 (Fig.  7C) . In support of this model, our data show that centrosomal loss of Rootletin in interphase cells results in decreased binding of ␤-catenin at centrosomes; however, ␤-catenin accumulates on mitotic centrosomes independent of Rootletin. Furthermore, we demonstrate that increased Nek2 activity, which uniquely occurs at the onset of mitosis, disrupts the association of Rootletin with centrosomes, and causes ␤-catenin to localize on centrosomes independent of Rootletin.
Since Rootletin and ␤-catenin interact and colocalize in between centrosomes in interphase cells (Figs. 5, 6 ), we hypothesize that Nek2 activity in mitosis may disrupt the interaction between Rootletin and ␤-catenin and/or increase the interaction of ␤-catenin with Rootletin-independent sites on centrosomes (Fig. 7C) . In vitro incubation of the coimmunoprecipitated Rootletin-␤-catenin complex with Nek2 resulted in loss of phosphorylated ␤-catenin from the complex ( Supplemental  Fig. S7C) ; however, further studies are required to dissect the regulation of the Rootletin-␤-catenin complex by Nek2. Thus, at the onset of mitosis when Nek2 activity is increased, a pool of ␤-catenin is released upon Rootletin dissociation from centrosomes, which in turn could bind to Rootletin-independent sites on centrosomes that promote centrosome separation (Fig. 7C) .
Although ␤-catenin does not have enzymatic activity that could itself promote separation, ␤-catenin is well known for its role as an adaptor protein that organizes functional protein complexes such as its interaction with E-cadherin and ␣-catenin in cell-cell adhesion, and its binding to TCF/Lef-1 and components of the transcriptional machinery in the nucleus (Huber et al. 1997 Graham et al. 2000; . At the onset of mitosis when Nek2 is active, binding of ␤-catenin to Rootletin-independent sites on centrosomes may promote the scaffolding of a complex required for centrosome separation. Similarly, stabilization of ␤-cat* at interphase centrosomes may prematurely bind and induce scaffolding of this complex, due to limited Rootle-tin-binding sites for ␤-catenin in between centrosomes, and in turn cause premature centrosome splitting. An analogous function for ␤-catenin occurs in the nucleus: In the absence of ␤-catenin, TCF/Lef-1 transcription factors are bound to promoter sequences but remain transcriptionally inactive, but upon binding to ␤-catenin an active TCF/Lef complex forms and initiates transcription (Hurlstone and Clevers 2002) .
The requirement of a positive activity involving Nek2/␤-catenin that induces centrosome separation in mitosis, either independent of or in addition to the loss of linker proteins, is supported by the finding that in cells expressing kinase-dead Nek2, C-Nap1 dissociates from centrosomes in mitosis, but the centrosomes remain unseparated (Faragher and Fry 2003) . Moreover, CNap1 and Rootletin dissociate from monopolar spindles containing unseparated centrosomes caused by depletion of ␤-catenin (Supplemental Fig. S7A,B) . Therefore, dissociation of C-Nap1 and Rootletin from centrosomes at spindle poles in the absence of active Nek2 or ␤-catenin is not sufficient to cause centrosome separation in mitosis. Instead, increased Nek2 activity may be required to alter the interaction between ␤-catenin and Rootletin (Supplemental Fig. S7C ), releasing a pool of ␤-catenin that is able to bind Rootletin-independent sites on centrosomes, which in turn promotes centrosome separation (Fig. 7C ). Consistent with a role for ␤-catenin as a positive regulator of centrosome separation, stabilized ␤-cat* prematurely induces centrosome splitting, which is likely due to increased binding of ␤-cat* to Rootletinindependent sites on centrosomes. One potential binding partner for ␤-catenin on centrosomes is the microtubule-binding protein APC, which localizes to centrosomes (Louie et al. 2004) , binds stably to ␤-cat* (Barth et al. 1997 (Barth et al. , 1999 , and is involved in centrosome positioning in Drosophila (Yamashita et al. 2003) . We propose that the phosphorylation state of ␤-catenin regulates the pool of ␤-catenin available for activating centrosome separation: Centrosomes do not separate when either ␤-catenin (Supplemental Figs. S4, S7A,B; Kaplan et al. 2004) or Nek2 kinase activity (Faragher and Fry 2003) is absent, whereas centrosome cohesion is decreased when either ␤-catenin is stabilized (Fig. 4) or Nek2 kinase activity is higher (Fry et al. 1998b) .
Mutations that inhibit the regulation of ␤-catenin degradation occur in many cancers and are the earliest event in colon cancer (Polakis 1999; Bienz and Clevers 2000; Peifer and Polakis 2000; Moon et al. 2002; Behrens 2005 ), but it is not completely understood how this contributes to tumor progression. Increased centrosome number and abnormal spindles occur in precancerous lesions and aggressive, low-grade tumors and correlate with chromosomal instability (D'Assoro et al. 2002; Pihan et al. 2003) , which is common in colon cancers with stabilized ␤-catenin . Interestingly, APC, GSK3␤, and components of the SCF ubiquitin ligase that regulate ␤-catenin stability are centrosome components (Freed et al. 1999; Wakefield et al. 2003; Louie et al. 2004; Bobinnec et al. 2006) , and mutations in some of these components induce supernumerary centrosomes and multipolar spindles (Wojcik et al. 2000; Fodde et al. 2001) . Furthermore, cells overexpressing ␤-catenin have increased numbers of ␥-tubulin puncta in the centrosome region (Ligon et al. 2001; S. Bahmanyar, unpubl.) , and impaired microtubule anchoring at centrosomes (Huang et al. 2007) . Although a direct link between abnormal centrosome cohesion and centrosome number and function is not yet understood, altering Nek2 activity also induces extra centrosomal structures (Faragher and Fry 2003) and Nek2 protein levels are increased in many types of human cancer-derived cell lines (Hayward et al. 2004 ). In addition to directly contributing to centrosome amplification, stabilized ␤-catenin or altered Nek2 activity may inhibit clustering of supernumerary centrosomes in mitosis, an intrinsic cellular protection mechanism against centrosome amplification, and may thereby promote spindle multipolarity. It will be necessary to determine whether changes in stability of ␤-catenin could induce abnormal centrosome organization and function, which could synergize with other known effects of mutant ␤-catenin on gene transcription and cell-cell adhesion to induce cell transformation.
Materials and methods
Cell lines
MDCK type II/G cell lines, HeLa, and HEK 293T cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS). U-2 OS cells were grown in McCoy's 5A media (Sigma) supplemented with 10% FBS. The parental MDCK cell line T23 and dox-repressible stabilized ␤-catenin MDCK cells have been described (Barth et al. 1999) . To repress ␤-cat* expression, cells were thawed into culture medium containing 20 ng/mL dox (Sigma). For transient transfection of cDNAs, Lipofectamine 2000 reagent was used as described by the manufacturer (Invitrogen). Flow cytometry on a Becton Dickinson FACScan has been described (Bauer et al. 1998 ). Gating and Dean-Jett-Fox algorithms were used in FlowJo software (Tree Star, Inc.). For double-thymidine block experiments, MDCK cell lines were plated onto coverslips, and the next day thymidine (Sigma) was added to a final concentration of 2 mM. Cells were incubated with thymidine for 16-18 h, thymidine was washed out three times, and cells were incubated without thymidine for 5 h; cells were then treated with 2 mM thymidine and incubated for another 16-18 h.
DNA constructs
Expression vectors for ␤-cat* have been described previously (Barth et al. 1999) . GFP-tagged ⌬ARM (Elul et al. 2003 ) was a gift from T. Elul (Touro University), GFP-tagged C-Nap1 (Mayor et al. 2002 ) was a gift from E. Nigg (Max Planck Institute), and HA-WT, NB, and KD-Nek2 (Eto et al. 2002) constructs were a gift from D. Brautigan (University of Virginia). For transient transfections of GFP-tagged wild-type Nek2, BamH1/Xho1 fragments were removed from pRKHA 3 -WTNek2 and cloned into BglII/SalI-cut pEGFP-C1. For transient transfection experiments of GFP-tagged ␤-cat, ␤-cat*, and ARM, SacII/BamHI fragments were removed from pUDH10-3 (Barth et al. 1997 ) and cloned into pEGFP-C1 (Clontech). RFP-pericentrin was a gift from Sean Munro (MRC, Cambridge, England).
␤-Catenin, C-Nap1, and Rootletin siRNA
For ␤-catenin siRNA, HeLa cells were transfected with ␤-catenin or GL2 luciferase control siRNA duplexes (Thompson et al. 2002; Kaplan et al. 2004) and, ∼50 h post-transfection, coverslips were mounted in Rose chambers and imaged as described previously (DeLuca et al. 2002) . For C-Nap1 (oligo 239, 5Ј-CTGGAAGAGCGTCTAACTGATdtdt-3Ј) (Bahe et al. 2005) and Rootletin (oligo 222, 5Ј-AAGCCAGTCTAGACAAGGA dtdt-3Ј) (Bahe et al. 2005 ) (Dharmacon) siRNA, U-2 OS cells were transfected for 48 h prior to fixation as described previously (Bahe et al. 2005) .
Fluorescence intensity measurements
ImageJ (http://rsb.info.nih.gov/ij) was used to circle the centrosome area and an area near the centrosome (background), and to measure the mean fluorescence intensity. Unsplit centrosomes were measured together, whereas split centrosomes were measured separately. Exposure times were equal between different samples. Background intensities were subtracted from each measurement in each channel. In Figure 7B and Supplemental Figure S6 , average intensities of individual centrosomes within unsplit centrosome pairs were used for comparison with intensities from individual centrosomes within split pairs. To do this, intensities of unsplit pairs, which were measured together, were divided by 2 to get the average intensity at each centrosome. In Figure 6C , Rootletin and ␤-catenin intensities were divided by the fluorescence intensity of C-Nap1 in the same cell, to normalize for variations due to centrosome splitting, focal plane, centrosome angle, and size. In Figure 7A , measurements were taken of centrosomal ␤-catenin and Rootletin and corrected for ␥-tubulin in cells triple-stained for ␤-catenin, Rootletin, and ␥-tubulin.
Fixation and antibodies
Cells were extracted with 0.5% Triton X-100 in 80 mM PIPES (pH 6.8), 1 mM MgCl 2 , and 1 mM EGTA for 30 sec and fixed in −20°C methanol for 5 min. Extraction prior to fixation more clearly shows the centrosomal localization of ␤-catenin using the polyclonal ␤-catenin antibody (Nathke et al. 1994) or the monoclonal ␤-catenin antibody (BD/Transduction Labs), although centrosomal localization with the polyclonal ␤-catenin antibody (Nathke et al. 1994) can be detected without pre-extraction provided that optical section and deconvolution microscopy are used. The following antibodies were used: rabbit polyclonal ␤-catenin (Nathke et al. 1994) , mouse monoclonal ␤-catenin (BD/Transduction Labs), C-Nap1 and Nek2 mouse monoclonal (BD/Transduction Laboratories), ␥-tubulin clone GTU88 (Sigma), and rabbit polyclonal pericentrin (Covance/ BabCO). Chicken and rabbit Rootletin (Yang et al. 2006) were provided by Tiansen Li (Harvard Medical School); rabbit polyclonal centrin was provided by T. Mitchison (Harvard Medical School) and mouse monoclonal centrin (Sanders and Salisbury 1994) was provided by J. Salisbury (Mayo Clinic Foundation); mouse monoclonal glutamylated tubulin (Wolff et al. 1992 ) was a gift from P. Denoulet (University Pierre and Marie Curie). Secondary antibodies against mouse, rat, rabbit, or chicken IgG with minimal species cross-reactivity coupled to FITC, rhodamine, or Cy5 were used (Jackson ImmunoResearch). Cells were analyzed by epifluorescence, deconvolution microscopy, and three-dimensional rendering methods as described elsewhere (Louie et al. 2004 ).
Electron microscopy
Retina primary epithelial (RPE) cells were grown to near-confluency on tissue culture plates, trypsinized for 1-2 min at room temperature, centrifuged at 400g for 2 min, rinsed in PBS, resuspended in 150 mM mannitol in PBS, and centrifuged into a soft pellet. Aliquots of the cell pellet were cryofixed in a BAL-TEC HPM-010 high-pressure freezer, stored under liquid nitrogen, then freeze-substituted in 0.25% glutaraldehyde and 0.1% uranyl acetate in acetone for 4 d at 80°C. After gradual warming to −20°C, the preparations were infiltrated with Lowicryl HM20 at −20°C, and loaded into BEEM capsules for polymerization under ultraviolet light at 45°C. Ribbons of ∼20 serial sections, each 60 nm thick, were picked up on Formvar-coated nickel slot grids. For immunolabeling, the grids were exposed to a blocking solution consisting of 1% nonfat dry milk in PBS containing 0.1% Tween 20 (PBST), labeled for 2 h with a 1:3 or a 1:20 dilution of the purified polyclonal C-terminal ␤-catenin antibody (Nathke et al. 1994) in the PBST/milk blocking solution, rinsed with PBST and incubated in goat-anti-rabbit 15-nm gold conjugate (Ted Pella) diluted 1:20 in PBST/milk. The grids were then rinsed sequentially in PBST and distilled water, dried, and finally stained with uranyl acetate and lead citrate. The specimens were examined in a Philips CM10 (FEI Co.) or an FEI Technai F20 operating at 80 kV. Images were captured using a Gatan CCD camera at a 0.76-nm or 2.3-nm pixel.
Pearson's correlation coefficient
where R i = voxel intensity in red channel and G i = voxel intensity in the green channel (Manders et al. 1993) . ImageJ (http://rsb. info.nih.gov/ij) was used to calculate Pearson's correlation coefficient (r p ) with or without randomization.
Live-cell imaging
␤-Catenin turnover at centrosomes was measured with the FRAP module of the Marianas system (Yamada et al. 2005 ) (Intelligent Imaging, Inc). Equivalent laser intensity, repetition, and region size were used for FRAP on wild-type and stabilized ␤-cat* samples. Fluorescence intensity at the centrosome was analyzed with ImageJ using a 20 × 20-pixel square. Because the contribution of cytoplasmic diffusion was small, much faster, and had lower intensity compared with recovery at centrosomes, the recovery curve was dominated by reaccumulation of proteins at centrosomes.
Centrosome isolation, immunoprecipitation of centrosomal ␤-catenin, and identification of binding partners
Centrosome-enriched fractions were prepared as described previously from HeLa cells, or a HeLa cell line stably expressing Myc-tagged ␤-catenin (Kaplan et al. 2004 ). Centrosome-containing sucrose gradient fractions were diluted in buffer containing 20 mM Tris (pH 7.7), 120 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and protease inhibitor cocktail, then concentrated using a Centriprep-30 (Millipore) filter unit. ␤-Catenin-Myc or endogenous ␤-catenin was immunoprecipitated from the concentrated centrosome fractions using anti-c-Myc agarose (Sigma) or anti-␤-catenin antibody (BD/Transduction Labs) coupled to protein A/G sepharose 4B (GE Healthcare), respectively. Immunoprecipitates were washed extensively, followed by heating of precipitated material in Laemmli sample buffer. Precipitated proteins were separated using SDS-PAGE and analyzed by MALDI TOF/TOF mass spectrometry (to identify cen-trosomal ␤-catenin-interacting proteins) or immunoblotting (to confirm interactions identified by mass spectrometry).
Coimmunoprecipitation of ␤-catenin, Nek2, and Rootletin HEK 293T cells (transfected with GFP-Nek2 in the case of ␤-catenin/Nek2 coimmunoprecipitations) were scraped in cold lysis/IP buffer (20 mM Tris at pH 7.5, 120 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5% NP-40, plus Complete EDTA-free protease inhibitor cocktail [Roche] ) and phosphatase inhibitor cocktails 1 and 2 (Sigma) and were lysed using a dounce homogenizer. Nuclei and unbroken cells were pelleted, the supernatant was precleared by incubation with protein A/G sepharose 4B (GE Healthcare), and the precleared supernatant was incubated with control antibody (anti-GST; Santa Cruz Biotechnology) or anti-␤-catenin antibody (Nathke et al. 1994) followed by addition of protein A/G sepharose 4B. Beads were washed four times using lysis/IP buffer with 500 mM NaCl, followed by heating of precipitated material in Laemmli sample buffer. Precipitated proteins were separated using SDS-PAGE and analyzed by immunoblotting. For Rootletin immunoprecipitation, previously described protocols were followed (Yang et al. 2006) .
Kinase assays
For kinase assays using HA-Nek2 or HA-CKI produced in HEK 293T cells, the cells were transfected with wild-type, NB, of KD forms of HA-Nek2 or wild-type HA-CKI and scraped in lysis buffer (50 mM HEPES at pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 5 mM MnCl 2 , 5 mM KCl, 2 mM EDTA, 5 mM EGTA, 1 mM DTT, 0.1% NP-40, protease inhibitor cocktail) 2 d later, and kinases were immunoprecipitated using monoclonal anti-HA antibody (clone 12CA5, Roche) coupled to protein A/G sepharose beads (GE Healthcare). Immunoprecipitated kinases were washed twice in lysis buffer with 500 mM NaCl, once in lysis buffer, and once in kinase buffer without ATP or substrate (50 mM Tris at pH 7.7, 10 mM MgCl 2 , 1 mM DTT, protease inhibitor cocktail). For kinase assays, washed kinases were incubated with 300 nM recombinant ␤-catenin (Kaplan et al. 2001) , 150 nCi/nmol ␥ 32 PATP with a total ATP concentration of 100 nM, and 50 nM microcystin in kinase buffer. Kinase reactions were incubated for 15 min at 30°C, then heated in Laemmli sample buffer, followed by SDS-PAGE and autoradiography. Kinase assays utilizing recombinant His-Nek2 were performed as described above, but using 200 ng of recombinant His-Nek2 (BPS Bioscience) per reaction as the source of kinase and 300 nM recombinant GST-␤-catenin (Yamada et al. 2005) or GST-␤-catenin ARM domain (Huber et al. 1997) as substrate. Reactions were incubated for 0, 10, or 60 min at 30°C. For addition of Nek2 kinase to immunoprecipitated complexes, 0.2 µg of purified Nek2 was added to immunoprecipitates and incubated with up to 50 of µL kinase buffer rotating for 30 min at 30°C.
In vitro binding assays
Equimolar amounts of recombinant GST (0.6 µg per reaction) or GST-␤-catenin (2.5 µg per reaction) (Yamada et al. 2005) were incubated with recombinant His-Nek2 (1.0 µg per reaction; BPS Bioscience) in binding buffer (50 mM Tris at pH 7.4, 150 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, 0.1% NP-40) with a total reaction volume of 200 µL on a rocking platform for 2 h at 4°C. Fifty microliters of glutathione sepharose 4B bead slurry (GE Healthcare) were then added to each reaction, followed by rocking for an additional 1 h at 4°C. Beads were washed four times using wash buffer (50 mM Tris at pH 7.4, 500 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, 0.1% NP-40) followed by heating in Laemmli sample buffer. Bound and unbound proteins were separated using SDS-PAGE and analyzed by immunoblotting.
Electrophoretic mobility assay
HEK 293T cells were transfected and scraped 2 d later in lysis buffer (20 mM Tris at pH 7.7, 120 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5% NP-40, Complete protease inhibitor cocktail [Roche] ) with (for nonphosphatase-treated samples) or without (for -phosphatase-treated samples) phosphatase inhibitor cocktails 1 and 2 (Sigma). For -phosphatase treatment, lysates were incubated in phosphatase buffer with MnCl 2 plus 1.5 µL of -Phosphatase (400 U) for 30 min at 30°C. Samples were heated in Laemmli sample buffer, followed by SDS-PAGE using 3%-8% TAC gels (Bio-Rad) and immunoblotting for endogenous ␤-catenin.
